Abstract Encoding multiple cues can improve the accuracy and reliability of navigation and goal localization. Problems may arise, however, if one cue is displaced and provides information which conflicts with other cues. Here we investigated how pigeons cope with cue conflict by training them to locate a goal relative to two landmarks and then varying the amount of conflict between the landmarks. When the amount of conflict was small, pigeons tended to integrate both cues in their search patterns. When the amount of conflict was large, however, pigeons used information from both cues independently. This contextdependent strategy for resolving spatial cue conflict agrees with Bayes optimal calculations for using information from multiple sources.
Introduction
Animals use many cues for navigation and goal localization. These cues can include auditory (e.g., Grohn et al. 2005; Rossier et al. 2000) , olfactory (e.g., Steck et al. 2009; Wallace et al. 2002) , and visual cues (e.g., Cheng et al. 2009; Spetch and Kelly 2006) , as well as proprioceptive cues such as optic flow and stride length (e.g., Cheng 2005; Kearns et al. 2002) . When trying to locate a specific location such as a hidden food cache, animals typically encode multiple cues that provide redundant information (e.g., Balda and Turek 1984; Brodbeck 1994; Goto et al. 2004; Lea and Wills 2008; Spetch and Edwards 1988) . This redundancy is likely adaptive, as using multiple cues for goal localization increases search accuracy (Cartwright and Collett 1983; and allows a goal to be located even if one cue is missing (Spetch and Edwards 1988) .
Though normally adaptive, encoding multiple redundant cues can be problematic if a cue becomes displaced, e.g., by the wind. In these situations, the displaced cue will provide information that conflicts with the information provided by other nearby cues (known as cue conflict). This conflict can lead animals to search in an incorrect location or become lost, thus wasting time, energy, and possibly increasing the risk of predation. Recent studies indicate that animals across a wide range of taxonomic classes (e.g., insects, Legge et al. 2014 ; mammals, Chalfoun and Martin 2010; birds, Legge et al. 2009 ) have developed complex methods for dealing with such spatial cue conflict.
One method for coping with cue conflict used by animals is a hierarchical strategy whereby animals only use the cue at the top of a hierarchy for localizing a goal (also known as a winner-take-all or take-the-best strategy; Lea et al. 2009; Gigerenzer and Brighton 2009; Legge et al. 2009; Spetch and Edwards 1988) . Though this strategy may be useful in some situations due to its simplicity, relying on a single cue may be problematic because animals could discard relevant information from other nearby sources. Additionally, a strictly hierarchical strategy would cause an animal to search in an incorrect location if the cue at the top of the hierarchy was displaced.
Another strategy sometimes used by animals when searching for a goal is an independent-source strategy (Gaffan and Davies 1981; Hodges 1985; Hosoi et al. 1995) . This strategy resembles a simple win-stay/lose-shift strategy, whereby animals alternate between the potential goal locations indicated by each cue, treating each cue as an independent source of information about the goal location. Thus, as with a strict hierarchical strategy, animals using this independent-source strategy would predominately search relative to a preferred cue. Unlike pure hierarchical strategies, however, if the most preferred cue did not lead to the goal, the animal would shift to using another encoded cue to search. Though an independent-source strategy could be more successful than a pure hierarchical strategy, it may also be costly in that animals may spend more time searching for a goal across a much wider area.
A third strategy for coping with cue conflict is to integrate the information provided by multiple cues to select a single location to search. This integration strategy allows animals to minimize discrepant information provided by a displaced cue so that the animal will search close enough to the goal for success. In a number of other sensorimotor domains, such integration occurs in a Bayesian manner, with information from different cues optimally integrated based on their reliabilities (e.g., Alais and Burr 2004; Ernst and Banks 2002; Körding and Wolpert 2004) . Following from these observations, it has recently been suggested that animals may also combine information for spatial navigation through Bayesian integration (Cheng et al. 2007; Friedman et al. 2012; Legge 2013) .
A further possibility is that animals will change their method of coping with cue conflict depending on the magnitude of that conflict (Kording et al. 2007; Pfuhl et al. 2011) . If animals are optimally using spatial cue information, then as cue conflict increases, animals should switch from an integrative strategy which predicts a single goal location, to an independent-source strategy where cues predict multiple goal locations, once that cue conflict is sufficiently large (Pfuhl et al. 2011) . In human multisensory perception, people do indeed shift from integrating cues to treating them independently as their degree of conflict changes (Kording et al. 2007 ). This experiment tests the prediction that pigeons (Columba livia) should adjust their search strategy according to the amount of cue conflict they face in a spatial search task. Specifically, pigeons were trained to find a hidden goal relative to two landmarks; these landmarks were then shifted to place them in varying degrees of conflict. In these shift tests, the goal was removed and pigeons' search attempts were recorded.
To better identify the search strategy employed by the pigeons, computational models corresponding to each of the three strategies outlined above (hierarchical, independent-source, and integrative) were fit to the pigeons' search behavior on each shift test. Each model was designed to quantify a specific hypothesis regarding how animals would cope with cue conflict, and each predicted different goal location(s). Specifically, the hierarchical model predicted pigeons would search relative to only the preferred cue, the independent-source model predicted pigeons would search relative to each cue individually within a trial in a win-stay/lose-shift fashion, and the integration model predicted animals would search at an intermediate location between the goal locations predicted by both cues.
Methods Subjects
Subjects were eight adult pigeons (Columba livia) with varied previous experience in operant box and open-field tasks, but with no prior experience with landmarks similar to those used in this experiment. Subjects were maintained between 85 and 90 % of their free-feeding weights by pigeon pellets obtained during experimental sessions and supplemental feedings in their home cages. All subjects were housed in large individual cages under a 12:12 h light-dark cycle (light onset at 06:00). Grit and water were available ad libitum in their home cages.
Stimuli and apparatus
The experiment took place in a 2.05 m (width) 9 3.20 m (depth) 9 2.89 m (height) testing room (see Fig. 1 ). The room contained a large square plywood floor (2 m 2 ) with a raised edge that was filled with aspen chips (see Fig. 1b ). This floor also contained a hidden grid under the aspenchips for easy positioning of the landmarks. Two visually distinct landmarks were used to allow pigeons to pinpoint food located in a hidden goal container (0.03-m diameter bottle cap). One landmark (the blue cue) was a very large rectangle (0.92 m wide, 0.04 m deep, 1.56 m high) and consisted of dark blue fabric stapled tightly to a wooden frame. The second landmark (the red cue) was a small red cylinder (0.06 m diameter, 0.26 m high). A vertical white stripe, 0.05 m (width) 9 0.26 m (height), was painted on the red cue as a directional feature.
Pigeons started each trial in an opaque enclosed start box (0.49 m wide, 0.39 m deep, 0.40 m high) that was built into the door to the testing room and contained a vertical sliding panel, which the experimenter opened to allow the pigeon into the room. After pigeons entered the testing room, the sliding panel was closed until the trial ended. The start box contained a food well that was baited while the pigeon was in the testing room. When the trial ended, the door to the start box opened and the pigeon entered to eat from the food well. All test trials were video recorded and digitized before being scored.
Procedure

Training
The position of the landmark array and its corresponding goal location was translated in both directions within the aspen-chip-covered search space across trials, always keeping the orientation within the room constant. This prevented subjects from using stable environmental cues (e.g., room geometry, distance from walls, etc.) to localize the goal container. During training, subjects received 10 trials per day.
Subjects were initially trained to find a fully visible goal in relation to the two landmarks. After subjects reliably ate the food from the goal container, the container was gradually buried under the aspen-chip bedding across training trials until it was completely covered. Subjects learned to find the covered goal by sweeping the bedding with their beaks. On all training trials where the goal was completely covered by bedding, subjects were given a maximum of 2 min to find the goal. If subjects did not locate the goal within 2 min, the room lights were turned off and the start box door was opened to allow subjects to return (the start box was baited with a small amount of food and dimly illuminated to entice pigeons to return). Subjects were required to find the goal on at least 80 % of trials across three consecutive days to progress to the next phase.
The next phase of training adapted the birds to receiving partial reinforcement. Food was available in the goal on 8/10 trials per day for 2 days and then on 6/10 trials per day for the remainder of this phase. During unreinforced trials, the goal container was removed and subjects were given a maximum of 2 min or until 30 search attempts were observed. When either of these limits was reached, the room lights were turned off and the start box door was opened to allow pigeons to return to the baited start box. Trial order was pseudo-randomized each day with the restriction that the first trial was always reinforced and subjects could not receive more than two consecutive unreinforced trials. To progress to testing, subjects had to complete at least 5 days of this training and had to successfully locate the hidden goal on at least 5 out of 6 reinforced trials for three consecutive days.
Testing
There were two testing phases: (a) single-cue and (b) shift. In both phases, the position of the landmark array within the search space varied as in training. Additionally, as in the final phase of training, subjects received 10 trials per day, four of which were unreinforced, and the position of unreinforced trials in the trial sequence was pseudo-randomized as described above. Of these four unreinforced Note that while the distances by which the red and blue cues are separated are to scale relative to the size of the search space (figure panel), the width of the blue cue, and the diameter of the red cue have been expanded for illustrative purposes. In training, the red cue was located 21 cm left of the blue cue, along the parallel axis, and 49 cm closer to the entrance to the room, along the orthogonal axis of the blue cue. The goal (diameter of 3 cm) was located 22 cm away from the red cue along the orthogonal axis, positioned between the blue and red cues as indicated by the letter ''G'' in the figure. b An overhead image of a pigeon relative to both cues during training. c A scale diagram depicting the position of the both cues relative to each other on shift tests. The dashed, unfilled circle depicts the location of the red cue during training. For each test, the red cue was shifted by the following distance and direction relative to the blue cue from its training position: Orthogonal-Near: 47 cm away along the orthogonal axis; Orthogonal-Far: 98 cm away along the orthogonal axis, ParallelNear: 35 cm away along the parallel axis; Parallel-Far: 83 cm away along the parallel axis. On all training and testing trials, the position of the two cues was varied within the room to prevent pigeons from using room features to help localize the goal as described in the main text (color figure online) Anim Cogn (2016) 19:581-591 583 trials, two were control trials, with the same landmark arrangement as in training. The remaining two unreinforced trials each day were unique to each stage of testing (single-cue or shift testing). Subjects had a maximum of 2 min to find the goal (reinforced trials) or to search for the goal (unreinforced trials) before they could return to the start box. After 2 min elapsed, the room lights were turned off, and the start box door was opened to allow pigeons to return to the baited start box.
Single-cue Two unique test trials were presented each day, in which only one landmark cue was present. Specifically, one trial provided only the blue cue, and one trial provided only the red cue. These tests allowed an independent measure of the subjects' search accuracy and variance relative to each cue in isolation. Subjects were tested until they completed at least 10 single-cue trials for each landmark and 20 control trials before proceeding to the shift tests.
Shift Shift tests placed the two cues in conflict by moving one of the cues relative to the other cue. Relative to the blue cue, the smaller red cue was moved either parallel to the blue cue or orthogonal to it (see Fig. 1c ). These relative movements were either small (near tests) or large (far tests), producing four types of shift test trials: OrthogonalNear, Orthogonal-Far, Parallel-Near, and Parallel-Far. Figure 1c illustrates the amount and direction of shift for each test trial. The type of shift test given to a subject each day was pseudo-randomized. Test type assignment was constrained so that only one trial of a specific shift test could be given to subjects each day. Subjects were given at least 10 trials of each type of shift test and 40 control trials before completing the experiment.
Scoring
Data were scored by five research assistants who were unaware of the study's hypotheses. Prior to independently scoring data, each assistant received a minimum of 5 training sessions with an experienced rater. During these sessions, the trainee was instructed on how to score video data and she/he observed the trainer score several videos. The trainee was then monitored while scoring a new set of previously scored video files, and the scores obtained by the trainee were compared to those obtained previously to ensure scoring reliability. In all cases, scored data by the trainee closely matched the previous scores in number and location of recorded pecks, and therefore the trainee was then permitted to score new video files. Furthermore, to prevent any potential effects of across-rater variance from differentially influencing experimental conditions, research assistants were assigned to score trials across all shift tests for a given bird. When scoring video data, a transparency was overlaid on the computer monitor and the position of the cues and of each search location (beak sweep) were marked while playing the video in slow motion. During this process, each peck was numbered sequentially. After scoring, the data from each transparency was digitized using in-house software such that clicking on each cue and search location provided it with x-and y-coordinates that were later used in the computational modeling.
To further assure inter-rater reliability, we had a final independent rater, also naive to the hypotheses of the experiments, re-score 20 % of the shift trials from the original video recordings (two trials per bird per type of shift test). We estimated that the pigeons measured at least 5-6 cm from the back of their heads to tip of their beaks and that side-to-side sweeping behavior covered approximately 10-12 cm. Based on this, we used both a strict threshold of 5 cm as well as a more lenient threshold of 10 cm for determining whether the re-scored locations matched the originally scored locations. For comparison, the smallest landmark shift was 35 cm and the largest was 98 cm. We found that 82 % of the re-scored responses were within 5 cm of the originally scored locations, and 96 % were within the 10-cm threshold.
Data analysis
To account for spatial distortions in the video recordings, all landmark positions were extracted from the recordings. In shift testing, data were truncated by removing pecks that fell outside 1.5 standard deviations (SD) from the mean peck location on the non-shifted axis for each test (e.g., for an orthogonal-shift test, pecks that fell outside of 1.5 SD on the parallel axis were removed). This data truncation was implemented separately for each subject and each shift test. Across all shift tests and birds, data truncation removed 10.6 % of pecks from subsequent analyses.
Computational models
Three models were fit to the data, representing the three key hypotheses about how pigeons would combine the conflicting cue information (see Fig. 2 ).
1. Hierarchical. The first model predicted that subjects would cope with cue conflict by using a hierarchical search strategy. This Hierarchical model (M H ) assumes that, when cues provide conflicting information, subjects only rely on a single, preferred cue to locate the goal. First, two sub-models were fit to the data, based on each possible hierarchical strategy, one representing preference for the large, blue cue (M B ), and the other representing preference for the small, red cue (M R ). Of these two models, the better-fitting model for each bird and test was used as the Hierarchical model. Note that this model has an additional degree of freedom relative to other models, and this was taken into account in the model comparison below. 2. Independent-Source. The second model predicts that animals will respond to each cue individually within a trial, adopting a win-stay/lose-shift strategy. Specifically, this Independent-Source model (M IS ) predicts that subjects will search for the goal at the locations predicted by each cue individually, i.e., the same goal locations predicted by M B and M R above. Additionally, the Independent-Source model hypothesizes that the animal weights each cue according to the cue's reliability, which is measured as the inverse of the spatial variance of responding to that cue when presented alone (i.e., the variance of search locations observed when each cue is presented alone serves as an inverse indicator of the cue's functional reliability). The animal then allocates search attempts relative to each cue's predicted goal location according to this weighting. That is, if the blue cue had a weight of 0.30, and the red cue a weight of 0.70, M IS predicts that the animal would allocate 30 % of its searches based exclusively on the large, blue cue, and the remaining 70 % of its searches to the location based on the small, red cue (e.g., see Fig. 2 ). Thus, this model uses Bayesian inference to determine each cue's weight (Cheng et al. 2007; Friedman et al. 2012 ). 3. Integration. The third model tested whether animals would integrate information from both cues to predict a single, intermediate goal location. Specifically, the Integration model (M ITG ) assumes that animals will selectively weight each cue according to its subjective reliability to predict the goal location (Fig. 2) . Unlike the Independent model, however, the Integration model predicts that animals will use the weights to determine a single predicted goal location (Cheng et al. 2007; Friedman et al. 2012) .
Model comparison
For each model, the model likelihoods on the shift trials were calculated using the estimated goal locations and pooled variance from the single-cue trials. The models were then compared using the Bayesian Information Criterion (Schwarz 1978) . Details of these calculations appear below.
Predicted goal locations Each model predicted a different goal location for each shift test and each subject (see Figs. 4, 5) . For simplicity of exposition, we assume that only the red cue moved during shift tests (see Fig. 1c ). For the blue-only sub-model M B , the predicted goal location (G B ) was the mean search location during blueonly single-cue trials. For the red-only sub-model M R , the predicted goal location (G R ) was the mean search location during the red-only single-cue trials. Of these two submodels, the best-fitting one was used as the Hierarchical model M H .
For the Independent-Source model M IS , the two predicted goal locations corresponded to the two goal locations predicted by M R and M B .
The predicted goal location for the Integration model M ITG was calculated separately for each subject. This goal location represented the weighted sum of the two landmarks, where the weights corresponded to their relative reliability (inverse variance; see Cheng et al. 2007 ). The reliability was estimated from the single-cue trials, separately for the x-and y-dimensions (corresponding to the parallel and orthogonal dimensions, respectively). The weights were then calculated using the following formula: where w B is the weight on the blue cue for a particular dimension and r 2 is the variance in that dimension on the corresponding single-cue trial (red or blue). The weights for the red cue (w R ) were calculated from the same formula with the opposite variances.
Using these weights, the goal location G M was calculated by multiplying the weights of each landmark by the predicted goal location for the two single-cue sub-models:
where w B and w R are the weights on the two cues and G B and G R are the goal locations as predicted by the individual cues, based on the single-cue trials as above. The same equation was applied separately to get the x and y-coordinates of the goal location.
Variance A pooled variance estimate was calculated for each bird separately for the x-and y-dimensions:
where n denotes the number of search attempts made by a subject in the subscripted single-cue test (blue or red).
Model Likelihoods. To get model likelihoods, first the probabilities of each response r given that model were calculated. For the Hierarchical and Integration models, these probabilities were calculated assuming a normal distribution (N) using the predicted goal location for that model (G M ) as the mean and the pooled variance estimate (r p 2 ):
This calculation was repeated separately for the x and ydimensions, and the overall response probability was the product of these two probabilities.
For the Independent-Source model (M IS ), response probabilities were separately calculated given the blue-only (M B ) and red-only (M R ) models (as per Eq. 4). Then, a weighted average of these two probabilities was calculated based on the weights (w B and w R ) from Eq. 1 as follows:
The calculation was repeated separately for the x-and y-dimensions, and the overall response probability was the product of these two probabilities. Note that the Independent-Source model predicts an equal proportion of pecks for each predicted goal location if w for both the blue and red cues, and in both the x-and y-dimensions, was 0.5.
To determine the model likelihoods, response probabilities were log-transformed and summed giving the loglikelihood (LL) for each model, given all the responses (R):
where n is the number of responses emitted by each pigeon on that shift test. After determining the LLs for a given model for each subject, the Bayesian Information Criterion (BIC) was used to compare the different models:
where k is the number of parameters in the model (Raftery 1999; Schwarz 1978) . This BIC value represents the relative fit of a model to subjects' search accuracy data. For model comparison, the pairwise difference in BIC values for each model was calculated by subtracting the best-fitting model's BIC from each model's BIC, resulting in a DBIC value for each model. Thus, the best-fitting model always had a DBIC of 0. By convention, a difference between two model fits of two or more (DBIC [ 2) is taken as significant evidence in favor of the better model (Burnham and Anderson 2002, 2004) . Note that the Hierarchical model had an additional degree of freedom relative to the Independent-Source and Integration models, and this was corrected for through the BIC calculations.
For group-level model comparisons, LLs were first summed across the subjects to produce a group LL (gLL; see Stephan et al. 2009 ). Group BIC values were computed for the sample by substituting this gLL into Eq. 7.
Results
Single-cue tests
On the single-cue tests, cues were presented to pigeons individually to obtain an unbiased estimate of pigeons' search variance relative to each cue. This search variance was then used to determine how strongly pigeons weighted each of the two cues, as described in Eq. 1. Table 1 displays the cue weights for each bird as derived from these single cue tests for the red cue; by definition, the blue cue weights are 1 minus the red cue weight. As shown in Fig. 3 , despite variability across birds in their overall preference for the red or blue cue, all birds weighted the red cue more heavily in the parallel axis than the orthogonal axis. Conversely, all birds weighted the blue cue more heavily in the orthogonal axis than the parallel axis. This difference likely reflects the physical properties of the two cues, with the large, blue cue providing edge or boundary information and the small, red cue serving as a discrete landmark. The pattern of results is consistent with previous studies that have found differences in control by edges and discrete landmarks in birds, with distance from an edge being more important than distance along that edge (Cheng and Sherry 1992; Spetch et al. 1992 ).
Near-shift tests
On near-shift tests, in which the spatial information provided by the two cues conflicted by only a small amount, the birds generally searched at an intermediate location between the goal locations indicated by each cue. Figure 4 illustrates how on these near-shift tests, the Integration model best fits subjects' search behavior, regardless of whether the red cue was shifted parallel or orthogonal to the blue cue (see Table 2 ). Additionally, pigeons' preference for using an integrative strategy was fairly consistent across subjects with the Integration model serving as the best-fitting model for individual subjects' data on 13 out of 16 near-shift tests (Table 3) . Taken together, these findings indicate that when cues were only shifted by a small distance and thus provided only a small amount of cue conflict, the pigeons' search pattern integrated the information provided by each cue.
Far-shift tests
In the far-shift tests, where the two cues were widely separated, the birds generally showed two locations of search, one appropriate to the goal location specified by each cue. As seen in Fig. 5 , the Independent-Source model best fit subjects' search behavior on these far-shift tests, regardless of whether the red cue was parallel or orthogonal to the blue cue (see Table 2 ). Thus, on far-shift tests, pigeons searched relative to each cue independently and allocated the number of searches made to each location as a function of each cue's subjective reliability. Note, however, that there was a larger degree of interindividual variability on far-shift tests in terms of which model best fit each subjects' data. At an individual level, the Independent-Source model best fit subjects' data in only 7 out of 16 cases, which is the same number of cases in which the Integration model was the best fit to the data (Table 3) .
Hierarchical models
When pooled-subject analyses were conducted on pigeons' search distributions, the Hierarchical model performed poorly on all tests (see Table 2 ). With the exception of the Parallel-Near test, the Hierarchical model was the worst model fit for every shift test. Thus, while the Hierarchical model represented the simplest strategy pigeons could use to search for a goal when cues provided conflicting information, the model fits reveal that pigeons were very unlikely to use this strategy on either the near-or far-shift tests.
Discussion
These results show that pigeons can use both integrative and independent-source strategies for coping with spatial cue conflict. Moreover, the preferred strategy is context dependent in a systematic way: When the amount of cue conflict was small (near-shift tests), pigeons integrated the information from the conflicting cues. Conversely, when the amount of cue conflict was large (far-shift tests), pigeons treated the conflicting cues as independent sources of information. This pattern of results is consistent with the Bayesian optimal use of sensory information, when that information can come from single or multiple sources (e.g., Beierholm et al. 2007; Körding et al. 2007 ). Bolded values denote the best performing models. Hierarchical corresponds to the better-fitting of the two hierarchical models, based on the red or blue cue, respectively; IS denotes the independent-source model; ITG denotes the integration model Bolded values denote the best performing models. Hierarchical corresponds to the better-fitting of the two hierarchical models, based on the red or blue cue, respectively; IS denotes the independent-source model; ITG denotes the integration model
These results are also congruent with recent theoretical discussions as to how animals cope with cue conflict (Cheng et al. 2007; Körding et al. 2007; Pfuhl et al. 2011 ). One such model explicitly predicts that animals will change their strategy for coping with cue conflict as the amount of conflict increases (Pfuhl et al. 2011) . Specifically, the model predicts that when the amount of cue conflict is small, animals will attempt to integrate the information from all cues to identify a single goal location, as observed in the near-shift tests. The model also predicts that as the amount of cue conflict increases, animals will switch from an integrative strategy to one where both cues predict individual goal locations. This switch occurs because a large amount of cue conflict suggests that the cues are unrelated. Animals will still search relative to both cues if the cost of traveling between them is not prohibitive (i.e., no significant use of time or energy involved in traveling between cues). Pigeons exhibited this same behavior on the far-shift tests.
Finally, as the amount of conflict increases further, Pfuhl et al. (2011) predicted that animals would eventually switch to searching relative to only a single, preferred cue, as would be predicted by the Hierarchical model. This switch would occur because, when the cues are separated by such a degree that there would be a significant cost to travel between them, searching relative to both cues is no longer a viable option. While such a final strategy makes functional sense, we did not observe any evidence of this strategy in our experiment. This non-observation might arise because the cues were never separated by a large enough distance to incur a significant travel cost (i.e., the search space was only 2 m 2 ). Although pigeons were fairly consistent in their strategy use on near-shift tests, there was considerable inter-individual variability in the pigeons' preferred strategy on the far-shift tests. On far-shift tests, some birds appeared to use an independent-source strategy, whereas others used an integration strategy for coping with cue conflict. The conflict present in far-shift tests might have been close to the boundary where subjects would switch from using an integrative strategy that predicts a single, intermediate goal location, to using an independent-source strategy that predicts two unique goal locations, each relative to a single cue. Such a boundary is expected to exist because as the amount of cue conflict increases, it will eventually reach a point where the better inference is that the cues are not indicating the same location (e.g., Körding et al. 2007 ). In such cases, an integrative strategy would no longer be viable, as integrating the information provided by unrelated cues would lead an animal to search in an erroneous location. Instead animals should switch to an independentsource strategy and search relative to each cue individually, as long as the cost to travel between the cues is not prohibitive (Pfuhl et al. 2011) . The point at which the cues are perceived as being unrelated may vary across individuals. Additional tests that provide a larger degree of separation between the two cues than in the far-shift tests would be required to validate this hypothesis by showing that at some point all pigeons switch to an independent-source strategy.
Our results provided no evidence for the use of a pure hierarchical strategy. On the surface, this appears to be inconsistent with previous studies where pigeons demonstrated hierarchical strategy use (e.g., Lea et al. 2009; Legge et al. 2009; Spetch and Edwards 1988) . These previous studies, however, used discrete choice locations rather than continuous search spaces, so integrative strategies were not possible. In addition, pigeons made only a single choice on each test trial, which prevented them from using an independent-source strategy, at least within a single trial. Thus, in such situations, pigeons may have used hierarchical strategies because more preferred strategies were not possible. Our results do not preclude the possibility that hierarchical strategies may still be used by animals in other situations due to their computational simplicity. For example, it is an open question whether animals might use hierarchical strategies for goal localization when they have a very short window of time to search, or when trying to escape a predator. In these situations, the computational simplicity of hierarchical strategies may allow animals to make a decision more quickly than more computationally complex strategies (e.g., an integrative strategy) and thus provide a survival advantage when a delay may be deadly (Pfuhl et al. 2011) . Thus, though hierarchical strategies did not control pigeons' search behavior in this study, they may be used by pigeons or other animals in circumstances where a quick response provides a large survival advantage.
In sum, these results show that pigeons can use both integration and independent-source strategies to resolve spatial cue conflict. They can switch between these strategies pending the context, deploying the more appropriate strategy according to the degree of evidence that the shifted cues represent separate sources of information as to the goal location (i.e., how far apart the shifted cues are). These results provide confirmatory evidence for recent theoretical work on how animals cope with cue conflict (e.g., Cheng et al. 2007; Pfuhl et al. 2011 ) and highlight the context-dependent nature of pigeon search strategies.
